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Impact of temperature and hydraulic retention time on pathogen and
nutrient removal in woodchip bioreactors
Abstract
Woodchip denitrification bioreactors are an important edge-of-field practice for treating agricultural drainage;
however, their ability to filter microbial pollutants has primarily been explored in the context of wastewater
treatment. Upflow column reactors were constructed and tested for E. coli, Salmonella, NO3-N, and dissolved
reactive phosphorus (DRP) at hydraulic retention times (HRTs) of 12 and 24 h and at controlled
temperatures of 10 and 21.5 °C. Influent solution was spiked to 30 mg L−1 NO3-N, 2–8 × 105 E. coli and
Salmonella, and 0.1 mg L−1 DRP. Microbial removal was consistently observed with removal ranging from 75
to 78% reduction at 10 °C and 90–96% at 21.5 °C. The concentration reduction ranged from 2.75 to 9.03 ×
104 for both organisms. HRT had less impact on microbial removal than temperature and thus further
investigation of removal under lower HRTs is warranted. Nitrate concentrations averaged 96% reduction
(with load removal of 14.6 g N m−3 d−1) from 21.5 °C columns at 24 HRT and 29% reduction (with load
removal of 8.8 g N m−3 d−1) from 10 °C columns at 12 HRT. DRP removal was likely temporary due to
microbial uptake. While potential for removal of E. coli and Salmonella by woodchip bioreactors is
demonstrated, system design will need to be considered. High concentrations of these microbial
contaminants are likely to occur during peak flows, when bypass flow may be occurring. The results of this
study show that woodchip bioreactors operated for nitrate removal have a secondary benefit through the
removal of enteric bacteria.
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A B S T R A C T
Woodchip denitriﬁcation bioreactors are an important edge-of-ﬁeld practice for treating agricultural drainage;
however, their ability to ﬁlter microbial pollutants has primarily been explored in the context of wastewater
treatment. Upﬂow column reactors were constructed and tested for E. coli, Salmonella, NO3-N, and dissolved
reactive phosphorus (DRP) at hydraulic retention times (HRTs) of 12 and 24 h and at controlled temperatures of
10 and 21.5 °C. Inﬂuent solution was spiked to 30mg L−1 NO3-N, 2–8×105 E. coli and Salmonella, and
0.1 mg L−1 DRP. Microbial removal was consistently observed with removal ranging from 75 to 78% reduction
at 10 °C and 90–96% at 21.5 °C. The concentration reduction ranged from 2.75 to 9.03× 104 for both organisms.
HRT had less impact on microbial removal than temperature and thus further investigation of removal under
lower HRTs is warranted. Nitrate concentrations averaged 96% reduction (with load removal of
14.6 g Nm−3 d−1) from 21.5 °C columns at 24 HRT and 29% reduction (with load removal of 8.8 g Nm−3 d−1)
from 10 °C columns at 12 HRT. DRP removal was likely temporary due to microbial uptake. While potential for
removal of E. coli and Salmonella by woodchip bioreactors is demonstrated, system design will need to be
considered. High concentrations of these microbial contaminants are likely to occur during peak ﬂows, when
bypass ﬂow may be occurring. The results of this study show that woodchip bioreactors operated for nitrate
removal have a secondary beneﬁt through the removal of enteric bacteria.
1. Introduction
Carbon-based denitriﬁcation bioreactors are becoming an important
edge-of-ﬁeld technology for nitrate removal from tile drainage waters
in areas of intensive agricultural production, such as the Upper
Midwestern United States. In this environment, the primary carbon
source implemented and tested has been woodchips. Studies of ﬁeld
scale woodchip bioreactor systems have reported from 12 to 76% re-
moval (Christianson et al., 2012), with nitrate removal rates being
impacted by hydraulic retention time (HRT), temperature (Christianson
et al., 2012), and carbon source (David et al., 2016). While woodchip
bioreactors are popular with farmers, the scale of implementation
needed to meet nitrate reduction goals is far from being achieved. For
example, the Iowa Nutrient Reduction Strategy estimated that in-
stallation of woodchip bioreactors on all tile drained land would reduce
nitrate loading by 18% (INRS, 2017). Even the more practical im-
plementation of woodchip bioreactors on 60–70% of drained land
(scenarios NCS1 and NCS8) require implementation of 112,000 to
131,000 bioreactors treating just over 30 ha of drained land each. To
date approximately 60 are operating in Iowa. With renewed emphasis
on drainage water quality combined with farmer interest in im-
plementation of woodchip bioreactors, guidance is needed to optimize
the design of these systems to maximize nutrient reduction.
Even in heavily drained areas of the Upper Midwestern United
States, pathogen contamination of surface waters is a signiﬁcant water
quality concern. The presence of pathogens is typically determined by
the presence of FIB such as E. coli in freshwater and enterococci in
marine waters (U.S. EPA, 2012). According to the U.S. EPA 2014 303d
list of impaired waters, pathogens are the leading cause of water quality
impairments in the U.S. for assessed rivers and streams. Pathogens are
the leading cause of water quality impairments in rivers and streams in
several states dominated by tile drainage, including Iowa (2014 data),
Illinois (2010 data), and Indiana (2006 data) (https://iaspub.epa.gov/
waters10/attains_nation_cy.control). Extensive work has demonstrated
the presence of and quantiﬁed concentrations of FIB and pathogens
downstream of manure-amended lands (Soupir et al., 2006; Haack
et al., 2016). The presence of microbial contaminants in surface waters
presents a risk to public health through contamination of irrigation or
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drinking water or through recreational exposure.
Much of the focus of drainage water quality research has been on
nitrate export, but recent works highlight the potential movement of
other contaminants through drainage systems, especially in manure-
amended areas. Hruby et al. (2016) reported fecal indicator bacteria
(FIB) and Salmonella in drainage from poultry manured amended plots,
with detection frequencies ranging from 35 to 90%. Peak concentra-
tions of E. coli (6.6× 103 CFU 100mL−1), Salmonella (2.8× 103 CFU
100mL−1), and enterococci (6.6× 105 CFU 100mL−1) were found in
drainage from no-till managed plots. Similarly, Pappas et al. (2008)
investigated E. coli and enterococci concentrations in drainage from
swine manure amended plots; peak E. coli concentrations were 82 CFU
100mL−1 and peak enterococci concentrations were 1.2×103 CFU
100mL−1; both concentrations were observed in plots receiving late
winter manure applications. FIB and pathogen movement to drainage is
impacted by timing between manure application and precipitation
(Samarajeewa et al., 2012). The design of woodchip bioreactors to re-
move multiple pollutants, could also have a positive impact on local
water quality, speciﬁcally through contaminant reduction of phos-
phorous and manure-derived enteric bacteria. Further this would ad-
vance the application of woodchip bioreactors as a potential manage-
ment practice for treatment of storm water in urban areas and eﬄuent
from private septic systems. While great need exists for improved
management practices to reduce pathogen movement to surface waters,
limited work has been conducted on the woodchip bioreactor as a
practice to reduce pathogen or FIB concentrations (Rambags et al.,
2016).
Reduction of microbial contaminants in a woodchip bioreactor is
possible via several mechanisms. First of all, ﬁltration of drainage water
has potential to retain bacteria on the surfaces of the woodchips, as has
been previously demonstrated in sand-based ﬁlters (Torkelson et al.,
2012; Ahammed and Davra, 2011). Retention in the woodchip bior-
eactor could enhance removal through natural decay or predation (Haig
et al., 2015). Further it is likely that microorganisms interact with
woodchip surfaces through cellular properties such as surface structures
(ﬂagella or ﬁmbrae), cell surface charge and hydrophobicity, or extra-
cellular polymeric substances (Liao et al., 2015). Field observations
support the use of woodchip bioreactors for microbial contaminant
removal; however, all reports were conducted on woodchip bioreactors
placed downstream of primary or secondary domestic wastewater dis-
charges. Rambags et al. (2016) reported 2.9 log E. coli and 3.9 log
bacteriophage reduction when a woodchip bioreactor was used to treat
“secondary-treated septic eﬄuent”. The tested system diﬀered from the
systems of the Upper Midwestern U.S. in that the average HRT of the
system was 8 days, while woodchip bioreactors intercepting drainage
are designed for a minimum HRT of 3 h during peak ﬂow conditions
(NRCS, 2015). Another study by Tanner et al. (2012), also focused on
domestic wastewater treatment, reported mean E. coli reduction of
∼1.2 log units (approximate HRT of 3.3 d) while Robertson et al.
(2005) reported similar removal rates with HRTs ranging from 1.7 to
5.4 days.
Another important potential function of woodchip bioreactors is the
removal of phosphorous. Drainage is a signiﬁcant source of P to surface
waters in agricultural watersheds. In an extensive review, King et al.
(2015) reported P concentrations in drainage ranging from<0.01
to> 8.0mg/L, generally above concentrations needed to stimulate
eutrophication. Edge-of-ﬁeld interception and treatment of drainage for
P removal has great potential but to date, few published studies have
examined P removal in woodchip bioreactors. The limited works
available have augmented the pure woodchip reactor with various
amendments including biochar (Bock et al., 2015), gravel or zeolite
(Ibrahim et al., 2015), drinking water treatment residuals (Zoski et al.,
2013), or recycled steel byproduct (Hua et al., 2016). These augmen-
tations have been mixed in with the woodchip reactor or designed as a
separate compartment of the reactor.
To address the limited knowledge regarding the performance of
woodchip bioreactors as a conservation practice to remove bacterial
contaminants in drainage from manure amended agricultural lands, we
conducted multiple columns studies. We focused our study on E. coli,
the U.S. EPA recommended FIB for freshwater sources and Salmonella.
Triplicate column studies were conducted at two HRTs, 12 and 24 h,
and at 2 temperatures, 10 °C and 21.5 °C (room temperature) to sepa-
rately assess the impact of HRT and temperature on removal of bacteria
from drainage. Reductions in nutrients typical of agricultural drainage
(nitrate and dissolved reactive phosphorus (DRP)) were also assessed.
Results of the study are useful to assess woodchip bioreactors as a po-
tential conservation practice to address multiple contaminants and are
especially useful in watershed planning when manure-derived con-
taminants such as FIB and phosphorus are a concern.
2. Materials and methods
Two sets of triplicate upﬂow bioreactor columns were used to
conduct a paired experiment to evaluate nutrient removal and the fate
of potential pathogens in packed bed bioreactors. Each column was
packed with weathered woodchips from the same supplier as those
described in Hoover et al. (2015). One set of columns was maintained
under controlled temperature at 10 °C, and the second set held at room
temperature, 21.5 °C. Hydraulic retention time (HRT) was held at 12 h
and 24 h for each set of columns. Experiments were conducted over a
four month period.
2.1. Column design
The columns used for the 21.5 °C experiments were constructed of
clear acrylic, each measuring approximately 50.8 cm in height with an
internal diameter of 13.5 cm. The second set of columns were used for
the 10 °C study and were constructed of schedule 40 PVC with dimen-
sions of 41.2 cm height and 15.2 cm internal diameter. Both sets of
columns have similar internal volumes of 7.3–7.5 L. The design and
construction of the columns is described previously by Hoover et al.
(2015). Brieﬂy, ports to connect tubing to the inﬂuent and eﬄuent ends
of the columns were attached to endplates sealed with rubber gaskets.
Perforated (0.3 cm, randomly spaced holes) acrylic plates were ﬁt at
both ends to distribute ﬂow. A multichannel peristaltic pump (Model
No. ISM834 Ismatec REGLO, Cole-Parmer, Wertheim, Germany) was
used to control ﬂow rate to the individual columns in both sets of ex-
periments. Prior to the initiation of experiments, columns were ﬂushed
to remove excess carbon from the system. Composite ﬂow volumes
were collected and weighed every 24 or 48 h to determine the volume
of water collected. This conﬁrmed ﬂow rate throughout the study, and
adjustments were made as necessary to maintain pre-determined ﬂow
rates.
The sets of columns had similar outﬂow ﬂow rates, measured as
outﬂow volume divided by elapsed time, of 2.6mLmin−1 at 24-h HRT
in both 21.5 °C RT and 10.0 °C studies, and 5.4mLmin−1 and
5.6 mLmin−1 at 12-h HRT in 21.5 °C and 10.0 °C columns, respectively.
The average gravitational pore volume of the columns was 4.1 L. The
achieved HRTs for the 21.5 °C study were 21.8-h and 12.6-h based on
calculated ﬂow rates and measured gravitational porosity. The HRTs for
the 10.0 °C study were somewhat higher, achieving 25.2-h and 12.4-h.
2.2. Inﬂuent drainage solution
Synthetic tile drainage solution was prepared using deionized water.
The synthetic tile water contained micronutrients to support bacterial
growth, and was modiﬁed from a recipe previously reported by
Nadelhoﬀer (1990), and used by Hoover et al. (2015). Experiments
were conducted at a target NO3-N concentration of 30mg L−1 and PO4-
P concentration of 0.1mg L−1 entering the woodchip bioreactors.
Bacteria inoculated inﬂuent was continuously applied to the col-
umns for a minimum of ﬁve-day periods, followed by a ﬂushing period
M.L. Soupir et al. Ecological Engineering 112 (2018) 153–157
154
without bacterial addition until eﬄuent bacteria concentrations re-
turned to levels less than 100 cfu 100mL−1. This process was repeated
at least twice under each experimental condition. During the ﬂushing
periods, nutrient concentrations in the inﬂuent solution were main-
tained as described above.
After an initial ﬂush period, the synthetic tile drainage was aug-
mented with E. coli (wild strain environmental isolate) and Salmonella
enterica serovar Typhimurium strain BBS 1144. S. Typhimurium strain
BBS 1144 (invGEABCIJ spaOPQRS sicA sipBC):neo was constructed using
recombineering as previously described (Bearson et al., 2014). Brieﬂy, a
nalidixic acid resistant S. Typhimurium UK1 strain containing pKD46
(Datsenko and Wanner, 2000) was transformed with the linear
knockout fragment oBBI 456/457-neo. This fragment was synthesized
by PCR ampliﬁcation of oBBI 92/93-neo using primers oBBI 456 (gcg
gaaattatcaaatattattcaattggcagacaaatgaagcatagagcagtgacgtagtcgc)
and oBBI 457 (cagcacgtttttaatactgtggctttcagtggtcagtttatcgatag
ctgaatgagtgacgtgc). The sequence of the oBBI 456 and oBBI 457
primers in bold are homologous to upstream invG and downstream
sipC in the S. Typhimurium genome, respectively. The underlined
primer sequence anneals to the oBBI 92/93-neo fragment for PCR
ampliﬁcation. BBS 1114 is resistant to nalidixic acid and kanamycin
and has an internal deletion (∼14 kb) in Salmonella pathogenicity
island-1 (SPI-1) that removed many of the genes encoding Type 3
Secretion System-1 (T3SS-1). T3SS-1 is a nanosyringe-like organelle
that facilitates the entry of Salmonella into the host cell (Moest and
Méresse, 2013). Without T3SS-1, Salmonella should be unable to in-
vade the host cell and is therefore attenuated for infection via the
oral route. The use of this avirulent strain provided signiﬁcant ad-
vantages in biosafety. Additionally, naladixic acid was used to
eliminate the growth of E. coli on the XLD medium.
Salmonella and E. coli were cultured separately. Isolated colonies
from streak plates (E.coli grown on modiﬁed mTEC and Salmonella on
XLD augmented with 30mg L−1–60mg L−1 nalidixic acid) were
transferred to brain heart infusion (BHI) broth and cultured at 37 °C.
Spectrophotometer measurements of cultures were made to approx-
imate log-phase, and 0.5mL of each culture was immediately added to
14mL of phosphate buﬀered solution to be used as an inoculant to the
synthetic drainage water. Column inﬂuent solution was prepared in
40–60 L batches, with 0.5–1.0mL of the microbial inoculant added to
each batch. The microbial inoculant was stored at room temperature
and used for up to 72 h. The average Salmonella concentrations mea-
sured in the inﬂuent were 20,149 (± 14,467) cfu 100mL−1 and
63,464 (± 38,698) cfu 100mL−1 at 21.5 °C and 10 °C, respectively. E.
coli concentrations were 44,605 (± 26,186) cfu 100mL−1 and 75,139
(± 38,359) cfu 100mL−1 at 21.5 °C and 10 °C, respectively. Standard
deviation is shown in parentheses.
2.3. Sample collection and analysis
Eﬄuent samples were collected daily during inoculation periods,
and Salmonella and E. coli were enumerated using the membrane ﬁl-
tration technique within 24 h of sample collection (U.S. EPA method
1603). In addition to measuring the inﬂuent bacteria concentrations,
we needed to adjust results for natural decay since it occurred in both
the inﬂuent container and the woodchip columns. Therefore, samples
were collected from the inﬂuent container at the same time as collec-
tion of eﬄuent samples. This resulted in concentration values that
could be directly compared for bacteria removal by the bioreactor.
Dilutions were performed when necessary to achieve optimal bacteria
plate counts between 20 and 80 colonies. E. coli was cultured on Difco
modiﬁed mTEC and Salmonella was cultured on Difco XLD agar infused
with 30–60 ppm nalidixic acid. The addition of the antibiotic to the
medium eliminated E. coli growth on the agar which has previously
been found to interfere with Salmonella growth (Hruby et al., 2016).
Nalidixic acid was initially added at 30 ppm, but this was increased to
60 ppm to fully inhibit undesired growth.
Eﬄuent nutrient samples were collected as composite samples from
the individual columns. Each column drained into separate eﬄuent
containers during a collection period of 24 or 48 h, dependent on HRT.
Inﬂuent samples were collected at the same time as the eﬄuent sam-
ples. Samples were analyzed using an AQ2 discrete autoanalyzer (Seal
Analytical Inc., Mequon, WI). Nitrate+ nitrite was analyzed following
AQ2 method EPA-114-A, Rev. 7 (equivalent to US EPA method 353.2
Rev. 2); and DRP was analyzed using AQ2 method EPA-118-A Rev. 5
(equivalent to US EPA Method 365.1, Rev. 2.0). The detection limit for
DRP is 0.002mg P L−1.
2.4. Phosphorus sorption to woodchips
A supplimental experiment was conducted to evaluate P-sorption by
woodchips sterilized at 105 °C and nonsterile woodchips. All woodchips
used for the experiment were air dried or oven sterilized, then ground
and sifted through a 2mm sieve followed by a 0.85mm sieve to achieve
a consistent woodchip size. One gram of the ground woodchips was
measured into twelve 50mL centrifuge tubes, and 25mL of solution
containing 1.12mg/L P was added.
2.5. Data analysis
Reduction is expressed as the mean diﬀerence in concentration
(mg L−1) between column inﬂuent and eﬄuent at each time step, and
as that diﬀerence expressed as a percentage of inﬂuent concentration.
Column inﬂuent was collected on the same day as eﬄuent to account
for natural decay of bacteria. Statistical comparisons of analyte reduc-
tion were made between column treatments including HRT and tem-
perature using JMP Statistical Software. First, data were tested for
normal distribution using Q–Q plots. For normally distributed data,
Levene’s test was used to test for variance equality followed by t-test.
For non-normally distributed data, the Wilcoxon Rank-Sum Non-
Parametric Test was conducted. Non-detects were assumed to be 0.5 the
detection limit. Dates with inﬂuent NO3-N concentrations above
35mg L−1 or below 25mg L−1 and inﬂuent DRP concentrations below
0.05mg L−1 and above 0.15mg L−1 were excluded from analysis.
3. Results and discussion
3.1. Woodchip bioreactors have potential to reduce E. coli and Salmonella
The woodchip bioreactor columns were eﬀective at removing or-
ganisms under all experimental conditions. Percent reductions were
greater than 75% for both Salmonella and E. coli at 10 °C, and greater
than 87% for both at 21.5 °C (Table 1). When comparing diﬀerences in
removal between HRTs of 12 and 24 h, Salmonella and E. coli reductions
were statistically greater only under 21.5 °C conditions. These results
support previous studies reporting retention of FIB and viruses in
woodchip bioreactors (Rambags et al., 2016) but at HRT values more
typical of woodchip bioreactors designed to treat agricultural drainage.
Natural bacterial die-oﬀ (or decay) was accounted for in the ex-
perimental design by collecting inﬂuent samples at the same time as
eﬄuent. Therefore, any decay that occurred in the inﬂuent reservoir
was assumed to also occur in the columns since column eﬄuent was
sampled daily (corresponding to 1 or 2 pore volumes, depending on the
HRT). Greater reduction at room temperature is likely due to higher
die-oﬀ rates in the 21.5 °C columns or increased predation (Haig et al.,
2015).
The inﬂuent concentrations of E. coli and Salmonella used in these
experiments likely exceeds the concentrations observed under ﬁeld
conditions. Elevated FIB concentrations in both surface and drainage
systems have been observed at peak ﬂows resulting from storm events.
Tomer et al. (2010) reported E. coli concentrations that peaked above
4.8×104 cells 100mL−1 at a 156 ha subbasin tile outlet in the Tipton
Creek watershed. The drainage basin is dominated by poorly drained
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soils with surface intakes reported in potholes and roadside ditches.
Thus, the elevated peak E. coli concentrations during the event is a
combination of drainage and runoﬀ routed through surface intakes. At
the ﬁeld scale, Hruby et al. (2016) reported peak concentrations of
bacteria under poultry manure amended ﬁeld plots on the order of
105 cfu 100mL−1 enterococci and 102 cfu 100mL−1 E. coli during peak
ﬂow in drainage from no-till and chisel plow managed plots, respec-
tively. Bacterial export followed the rising limb of the drainage hy-
drograph or peaked prior to the hydrograph peak, indicating macropore
export. Even a 90% reduction of these concentrations would leave re-
sidual concentrations that would be problematic in a recreational set-
ting; current recreational water quality criteria in the U.S. are a geo-
metric mean value of 126 cfu 100mL−1 (U.S. EPA, 2012).
Based on ﬁeld and watershed monitoring studies, peak concentra-
tions of bacteria may also occur when the capacity of woodchip bior-
eactors is exceeded and excess drainage is routed through bypass ﬂow.
Woodchip bioreactors designed to treat tile drainage include a bypass
component to prevent drainage backup into crop ﬁelds and to limit the
development of preferential ﬂow paths in the bioreactor. When bypass
ﬂow occurs, the treatment capability of the woodchip bioreactor is
limited and the fraction of bacteria removed during these conditions
would be reduced. However, the diﬀerences between percent removal
between 12 and 24 h HRTs for any temperature or organism varied by
less than 5%. This seemingly small impact of ﬂow on bacterial removal
is promising, and future work should examine both Salmonella and E.
coli removal at lower HRT values.
Future work should also explore the mechanism of removal to better
inform the longevity of the observed ﬁndings. Weathered woodchips
were used in this study, indicating that the results are not dependent
upon fresh woodchips. Further, if the mechanism of removal is reten-
tion followed by natural decay, decreased performance with time would
not be expected.
The reductions of bacteria in water ﬂow herein compare favorably
to other edge of ﬁeld strategies to remove pathogens and indicator
organisms from agricultural waters. For example, vegetative barriers
have been used in agriculture for a number of years to reduce losses of
sediments and nutrients. Coyne et al. (1998) found that grass ﬁlter
strips were more eﬀective for sediment removal than for removal of
enterococci (68–74%) from poultry manure. Collins et al. (2004) ob-
tained greater removal of E. coli and Campylobacter at low runoﬀ ﬂows
(< 95% removal) than high ﬂows (0–15% removal). Mechanism for
removal of bacteria by ﬁlter strips includes sedimentation and entrap-
ment of particulate associated bacteria and inﬁltration of bacteria in
runoﬀ water. Similar removal mechanisms would apply to wetlands
designed to remove nitrate from agricultural drainage; however, inputs
from wildlife have the potential to make wetlands a source of fecal
indicators to downstream waters. Further, organisms increase survival
by attaching to particles (Auer and Niehaus, 1993) and can survive in
bottom sediments only to be resuspended during higher ﬂows
(Jamieson et al., 2005; Rehmann and Soupir, 2009). Other conservation
practices such as saturated buﬀers and controlled drainage have yet to
be assessed for their potential to reduce export of FIB or enteric pa-
thogens to surface waters.
3.2. Nitrate was impacted by HRT and temperature
Nitrate removal was evaluated in this study primarily to conﬁrm
woodchip bioreactor function and results are presented in Table 2. As
expected, increasing HRT and temperature both signiﬁcantly increased
percent removal. Twenty-nine percent removal occurring at 10 °C and
HRT of 12 h compared to 48% removal when the HRT was increased to
24 h. Similarly, NO3-N reduction increased from 67 to 96% when the
21.5 °C HRT was increased from 12 to 24 h. Increased residence time
allows for greater percent removal; however,comparison of load re-
ductions at 12 and 24-h HRTs indicates better overall reduction with
the lower HRT. At 21.5 °C, an average load removal of
22.5 g Nm−3 d−1 was observed at the 12-h HRT, while an average load
reduction of 14.6 g Nm−3 d−1 was achieved at the 24 h HRT. At 10 °C,
removal rates were 8.8 g Nm−3 d−1 and 7.7 g Nm−3d−1 at 12 h and
24 h HRTs, respectively. These results are comparable to those reported
by Hua et al. (2016), who measured NO3-N removal at 24-h HRT at
inﬂuent concentrations of 20 and 50mg L−1, with resulting load re-
ductions of 10.1 g N−3d−1 and 18.9 g N−3 d−1, respectively; as well as
other studies (Hoover et al., 2015).
3.3. DRP removal occurs
For phosphorus removal studies, the target inﬂuent concentration
was set at 0.1mg L−1 and the average inﬂuent concentration was
0.09mg P L−1 and 0.10mg P L−1 at 12-h and 24-h HRTs, respectively.
At the beginning of the experiments (10 °C and 24 HRT), P was ob-
served in eﬄuent (0.1 mg L−1 increase) at greater concentrations than
the inﬂuent. The ﬂush was possibly due to microbial accumulation
Table 1
Salmonella and E. coli reduction by woodchip bioreactors operated with 12 and 24 h HRTs, temperatures of 10 °C or 21.5 °C.
Experimental Conditions Reductiona
Temperature HRT n Salmonella E. coli
°C h CFU 100mL−1 % CFU 100mL−1 %
10 12 36 3.75×104(1.75× 104) 76% aA 5.50× 104(3.80× 104) 78% aA
24 18 9.03×104(3.36× 104) 77% aA 6.87× 104(3.16× 104) 75% aA
21.5 12 30 6.79×104(2.30× 104) 90% aB 4.84× 104(2.79× 104) 91% aB
24 33 2.75× 104 (1.06× 104) 94% bB 3.80× 104(2.03× 104) 96% bB
a Reduction is expressed as the mean diﬀerence in concentration (mg 100 L−1) between column inﬂuent and eﬄuent, or that diﬀerence expressed as a percentage of inﬂuent
concentration. Lower case letters indicate signiﬁcance between HRT at a set temperature. Standard deviation shown in parentheses. Upper case letters indicate signiﬁcance between
temperatures at a set HRT.
Table 2
Nutrient removal by woodchip bioreactors operated with 12 and 24 h HRT and tem-
peratures of 10 °C or 21.5 °C.
Experimental Conditions Reductiona
Temperature HRT n NO3-N DRP
°C h mg L−1 % mg L−1 %
10 12 15 8.8 (6.0) aA 29% 0.06(0.03)aA 72%
24 15 15.2(2.9) bA 48% −0.11(0.15)bA −217%
21.5 12 30 20.9(3.7) aB 67% 0.02(0.0)2aA 64%
24 45 28.7(1.5) bB 96% 0.06(0.05)bB 85%
a Reduction is expressed as the mean diﬀerence in concentration (mg L−1) between
column inﬂuent and eﬄuent, or that diﬀerence expressed as a percentage of inﬂuent
concentration. Standard deviation is shown in parentheses. Lower case letters indicate
signiﬁcance between HRT at a set temperature. Upper case letters indicate signiﬁcance
between temperatures at a set HRT.
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while the bioreactors were stored prior to restart. After 15 days and
decreasing the HRT to 12, DRP was removed (0.06mg L−1), similar to
observations from the 21.5 °C study. The reduction in DRP was statis-
tically diﬀerent between HRT conditions at 21.5 °C, with an average of
0.04mg L−1 greater removal at the 24 HRT (Table 2).
The reported fate of phosphorus in woodchip bioreactors has been
variable, with multiple studies indicating an increase in phosphorus at
the bioreactor outlet, and others suggesting moderate P removals.
Gottschall et al. (2016) reported TP and DRP removals in a ﬁeld study
using pilot scale bioreactors of 21% and 19%, respectively. A batch
study by Sharrer et al. (2016) showed a release of DRP, with woodchips
contributing 0.74 and 1.09mg/L increase in eﬄuent concentrations. A
pilot-scale reactor ﬂush from the same study had a larger concentration
increase of 5.03mg/L.
The variation in P removal reported by others likely indicates that
sorption to the wood is not occurring. Ibrahim et al. (2015) reported
maximum adsorption values (qmax) of 9 mg/g for DRP adsorption
woodchips based on the Langmuir isotherm ﬁt; much lower than 14.2
and 18.3mg/g reported for pea gravel and zeolite, respectively. The
observed removal in this study could be due to temporary microbial
uptake, which was tested by a woodchip sorption experiment. The
24–48 h sorption results showed an increase in solution P equilibrating
with the sterilized woodchips, with an average concentration of 2.05
(± 0.34) mg/L P (data not shown). However, phosphorus was removed
from solution by the nonsterile woodchips, with an average ﬁnal so-
lution P concentration of 0.11 (± 0.11) mg/L from the 1.12mg/L in-
itial P concentration. The results suggest that part of the change in P
could be attributed to reduction in microbial biomass by autoclaving
and microbial growth in the non-sterile system.
4. Conclusions
We demonstrated potential for Salmonella and E. coli removal by
woodchip bioreactors designed to treat high ﬂows from agricultural
drainage. Temperature aﬀected bacteria removal, with greater removal
occurring at 21.5 °C when compared to 10 °C conditions. Further, dif-
ferences in Salmonella and E. coli removal at 12 and 24 HRT were only
signiﬁcantly diﬀerent under the 21.5 °C conditions, and thus in-
vestigation into microbial removal at higher ﬂows is recommended,
especially considering the lack of conservation practices capable of
removing microorganisms from agricultural drainage.
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